In human adults, the repair of cutaneous wounds usually leads to scar formation rather than regeneration. Dermal substitutes have been used as a regenerative template for reducing scar formation and improving the extent of dermal regeneration. However, achievement of complete regeneration is still a long way off. Dermal substitutes are characterized by unusual regenerative activity, appearing to function by acting as temporary configurational guides for cell infiltration and synthesis of new stroma. Fibroblasts are important cells with many vital functions in wound-healing processes. They are heterogeneous with distinct characteristics according to their source location, such as subcutaneous tissue, superficial-layer dermis, and deep-layer dermis. Many studies have shown that superficial dermal fibroblasts possess the potential to form dermis-like tissue. Fibroblasts in deep-layer dermis and subcutaneous tissue may play a critical role in the formation of hypertrophic scars. Fibroblast phenotype affects the newly formed dermal architecture and influences the dermal regeneration effect induced by dermal substitutes. It is hypothesized that better regeneration of the dermis can be achieved using dermal substitutes along with dermal fibroblast optimization.
Background
The repair of cutaneous wounds is a complex biological process that occurs throughout human life. Early in gestation, cutaneous wounds can be completely repaired via regeneration. However, in human adults, the wound-repair process mostly results in a non-functioning mass of fibrous tissue. Hypertrophic scar (HTS) tissue results from the overgrowth of fibrous tissue. Considerable research has been conducted on scars and treatments, and significant progress has been made in this field [1] [2] [3] . However, pathological scars remain an enormous medical problem, without a comprehensive solution.
Since their development by Yannas and Burke in 1980 [4] , dermal substitutes have been used as regeneration templates and have become an effective method for reducing scar formation and improving the quality of wound healing [5, 6] . The thickness of these scaffolds is usually between 1 and 2 mm [7, 8] , allowing the composite graft to act as a full-thickness graft, improving thickness and robustness. Thick dermal substitutes, such as Integra ® , need 2-3 weeks to become vascularized before skin grafting can be performed; therefore, dermal substitutes are usually applied using a two-stage procedure [9] . The 2-3-week delay is necessary for scaffold angiogenesis so that sufficient oxygen and nutrients are available for secondary skin grafting. Thinner dermal substitutes with thicknesses £1 mm can be applied using a one-step procedure in which the dermal substitute is immediately covered by an ultra-thin autograft [10] [11] [12] .
A dermal substitute is a macromolecular network synthesized as a highly porous analogue of the extracellular matrix (ECM), with a highly specific structure that degrades in vivo at a controlled rate. It is characterized by unusual regenerative activity, appearing to function by blocking contraction and acting as a temporary configurational guide for the synthesis of new stroma [5, 6, 13] .
Short-term clinical and histological studies of up to 2 years show that newly formed collagen within the scaffold is histologically indistinguishable from normal dermal collagen [9] . Although an extensive body of literature exists on the experimental and clinical use of dermal substitutes to reduce scar formation and improve the quality of wound healing [6] , achieving complete dermal regeneration is still a long way off.
Fibroblasts are an important part of the vital functions involved in the wound healing process, such as proliferation, migration, matrix synthesis, and tissue remodelling. Fibroblasts are a heterogeneous population of cells with distinct characteristics defined according to their source location, such as subcutaneous tissue, superficial-layer dermis, and deep-layer dermis [14, 15] . The origin and phenotype of fibroblasts are important factors influencing the outcome of dermal regeneration.
In clinical cases, the wound bed of a full-thickness skin defect will usually be surgically treated by exposing the subcutaneous tissue. After application of a thin split-thickness skin autograft and dermal substitute, fibroblasts infiltrate into the dermal substitute. These fibroblasts generally originate from subcutaneous tissue, and their phenotype is relatively unfavorable to dermal regeneration [16] . In fact, this type of fibroblast is likely to result in scar formation [17] . Dermal regeneration may be optimized by controlling the fibroblast phenotype or source.
Dermal substitutes can improve dermal regeneration. During wound healing, fibroblasts from surrounding sites, including residual dermis and subcutaneous tissue, infiltrate into the dermal substitutes, and are guided by the porous scaffold to assemble an ordered ECM. These fibroblasts are heterogeneous with distinct characteristics that affect the quality of the newly formed dermal architecture.
The Hypothesis
Improved dermal regeneration can be achieved using dermal substitutes and by optimizing the phenotype of infiltrated dermal fibroblasts, specifically, by increasing the number of superficial dermal fibroblasts.
Evaluation of the Hypothesis
Fibroblasts are a heterogeneous population of cells defined according to their origin. During wound healing, the majority of fibroblasts originate from subcutaneous tissue underlying the wound edge (hypodermal fibroblasts) rather than from the dermis adjacent to the wound edge (dermal fibroblast) [18] . Unlike dermal fibroblasts, hypodermal fibroblasts lack the potential to regenerate the normal dermal architecture [19] . Fibroblasts of dermal origin have a different phenotype from those derived from subcutaneous fat or eschar tissue. Fibroblasts originating from subcutaneous fat and eschar tissue exhibit a relatively more contractile phenotype in vitro, with elevated myofibroblast numbers and greater contraction of collagenous matrices. Dermal fibroblasts have better characteristics for use in dermal regeneration in terms of phenotype and cell proliferation [16] .
Dermal fibroblasts are heterogeneous and consist of 3 subpopulations that exhibit distinct characteristics [14] . Two of these subpopulations reside in the papillary and reticular dermis, and the third subpopulation is associated with hair follicles. The papillary and reticular fibroblasts are also known as superficial and deep dermal fibroblasts, respectively. They have distinct physical and biochemical characteristics, including size, packing density, rate of proliferation, growth kinetics, and production of collagenase and type I and III procollagen [14, 15, 20, 21] . Deep dermal fibroblasts resemble fibroblasts from HTS tissue [22] . Compared to superficial dermal fibroblasts, they produce more transforming growth factor-b1 (TGF-b1) [22] , a pro-fibrotic cytokine that plays a critical role in scar formation and is over-expressed in HTS fibroblasts [23, 24] . Recently, Varkey et al. indicated that the use of a specific subpopulation of dermal fibroblasts such as superficial fibroblasts, rather than heterogeneous fibroblasts, may improve wound healing and minimize post-burn HTS tissue [25] . These findings suggest that superficial dermal fibroblasts may possess dermal regeneration potential similar to that of normal dermal fibroblasts, while deep dermal fibroblasts may play a key role in the formation of HTS tissue.
Dermal substitutes are effective in reducing scar formation and improving the quality of wound healing. Histological studies of dermal reconstruction sites with two-stage grafting of Integra ® dermal regeneration templates have shown a collagen pattern similar to that of normal skin after 1 year [26] and a normal organized pattern of mature collagen after 2 years [9, 27, 28] . Typically, parallel patterns of collagen fibres are seen in the normal dermis, a more random pattern with little organization is observed in immature scars, while a nodular arrangement is usually observed in hypertrophic scars [29, 30] . A study of Integra ® reconstructions after 35 months suggested that collagen arrangement is not always normal; the majority of the specimens had a random and/or parallel pattern of collagen fibres, with 7 specimens (30.4%) showing a nodular pattern [31] . The nodular pattern was located in the middle and/or lower layer of the reticular dermis, not in the outer reticular dermis, which may be because the more superficial dermal layers originated from the host autografts above the dermal substitutes [31] . In the twostage grafting procedure, dermal substitutes are grafted to the wounds first, and need 2-3 weeks to become vascularized before autografts can be performed. fibroblasts (from subcutaneous tissue) infiltrate upwards into the dermal substitutes and become the main source of fibroblasts in the scaffold, particularly in the middle and lower layers of the scaffold. After the thin autografts have been transplanted onto the dermal substitutes, dermal fibroblasts from the autografts may start migrating downwards into the dermal substitutes, mainly within the upper layer of the scaffold. The different sources and distributions of fibroblasts may explain the asymmetric collagen arrangement pattern observed throughout dermal reconstruction sites.
In a previous study, we used a single-layer collagen/chitosan porous scaffold as a dermal substitute to treat full-thickness wounds using a one-step grafting procedure in a rat model. In this model, full-thickness incisional wounds (including the panniculus carnosus) with a diameter of 2 cm were made by scalpel excision on the back of the rat. The thin split-thickness autografts (0.38±0.1 mm) were made from the excised skin by removing the panniculus carnosus and greater part of the reticular dermis with a scalpel blade. The dermal substitutes were grafted to the wounds and then covered by the autografts. After 1 week, the fibroblasts from the autografts (mainly superficial dermis) and subcutaneous tissue started to infiltrate into the dermal substitutes and produce collagen ( Figure 1 ). In some harvesting samples, it was found that the arrangement pattern of the newly formed collagen in the upper scaffold layer, which was mainly produced by superficial dermal fibroblasts, was almost the same as the collagen pattern in the normal dermis, while the collagen arrangement in the lower scaffold layer, mainly produced by hypodermal fibroblasts, was significantly distinct from the normal arrangement ( Figure 1 ). The different sources and distributions of fibroblasts may explain these different collagen arrangement patterns observed throughout the dermal reconstruction sites.
Various bioactive factors such as proteins or peptides that exist in vivo have significant biological activity involved in regulating the cell growth and development and play an important role in tissue repair and regeneration [32] . In addition to suitable biomaterial scaffolds and optimized dermal fibroblasts, the roles of some related bioactive factors should also be further explored for improved dermal regeneration.
Conclusions
In both the one-step and two-step grafting procedures, abundant fibroblasts from subcutaneous tissue infiltrate into the dermal regeneration templates. More scar formation possibly occurred in the two-step grafting procedures compared to the one-step method. This may be due to increased hypodermis fibroblast infiltration into the dermal regeneration template during the 2-3-week delay of the two-step procedure, before autograft transplantation. Dermal regeneration could potentially be improved by promoting increased superficial dermal fibroblast generation, or by preventing hypodermis fibroblasts from migrating into the dermal substitutes. Further studies are needed to determine if higher-quality dermal regeneration can be achieved with a combination of dermal substitutes and dermal fibroblast optimization.
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